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Abstract--This paper describes the use of a fishery management system in policy analysis tudies to 
support the shrimp fishery management process inthe Gulf of Mexico. The studies were performed during 
the period 1979-1983 by a joint effort between a research team at Stanford and staff analysts at the 
Southeast Fisheries Center. The paper gives a brief account of the results for the 5 year period, as well 
as the insights derived through the process of using a mathematical economic model in support of the 
policy process. 
1. INTRODUCTION 
In 1977, a research team under the direction of Edison Tse was formed within the Center for 
Technology Assessment and Resource Policy, Stanford University, to explore the feasibility of 
developing a comprehensive fishery management system designed to assist those responsible for 
implementing the Fishery Conservation and Management Act (FCMA) of 1976, Public Law 
94-265. The research effort was supported by the National Marine Fisheries Service (NMFS), 
National Oceanic and Atmospheric Administration (NOAA), the Department of Commerce. Up 
to that time, most research in fishery management was either from the point of view of stock 
replenishment or economic efficiency of harvesting the resource. This research effort was the first 
to attempt to integrate different aspects of fishery management into a computer model in order 
to facilitate arguments and discussions among beneficiary groups in the fishery system. 
A Fisheries Management System (FISYS) was developed under this effort within 6 months, and 
a demonstrative use of FISYS for policy assessment was conducted [I]. Dr Mort Miller of NMFS 
in Washington saw the potential of FISYS and hc arranged a meeting between the Stanford 
research group and the staff analysts at the Southeast Fisheries Center (SEFC). In late 1978, a 
research effort was started jointly between Stanford and SEFC focusing on implementing FISYS 
at SEFC and using the system to perform policy analysis related to shrimp fishery management. 
The research program was carded out within an internship program whereby each year a 
well-trained research student was sent from Stanford to SEFC as an intern for one year. The 
intern's responsibility while stationed at SEFC was to use FISYS in performing assessments of 
current shrimp policy. At Standord, Edison Tse directed the effort; while at SEFC Larry Massey, 
and later on Joc Powers, directed the effort. 
Arvind Khilnani was the first intern and implemented the first version of FISYS at SEFC. Hc 
later directed some of the research activities from 1981-1983. Over a period of 4-5 years, FISYS 
was applied to shrimp fisheries in the Tortugas, Texas, and Northern Gulf. Many issues were 
touched upon in this series of studies: economic issues, stock replenishment issues, by-catch issues, 
and flcct composition issues. The results of these studies are described in a series of reports. 
We attempt to summarize the experience of using FISYS for such studies. Given the page 
constraint, we arc unable to report all the details of these studies. However, wc try to describe the 
process of how the models are used and some of the impact such studies may have on the policy 
process. At the end, we discuss some of the insights we developed in the process of applying a 
mathematical economic model like FISYS to support management decisions. 
2. MODEL STRUCTURE AND EQUATIONS 
The dynamic structure of the Gulf  of Mexico shrimp fishery involves the integration of the 
biological, the harvesting, the processing and the marketing sectors. Each of these sectors is needed 
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to adequately model the Texas, Northern Gulf and Florida shrimp fisheries. The degree and 
integration varies depending on the physical and market characteristics. The representation f these 
sectors are achieved via five submodels. These submodels are: the shrimp population model, the 
harvesting model, dockside demand model, the processor's model, and the retail demand model. 
All of these submodels are integrated via the market clearing algorithm. 
Adapting the model structure to an actual fishery is an artistic job. The structure must be 
adequate to address relevant policy issues. Yet excessive detail is time consuming and detracts from 
the power that simplicity contributes to clarity, especially where policy analysis is concerned. The 
five submodels are presented in disaggregated form along with some justifications for the choices. 
2.1. The shrimp population model 
The life span of the shrimp is brief. While individual members may live up to 2 and even 3 years, 
the majority of shrimp live an average of 1 year. During this period they grow from tiny post-larval 
creatures to large shrimp of about 42 g weight per shrimp. The brief fishable life span of the shrimp 
coupled with its sensitivity to environmental factors such as temperature, salinity, etc., lead to 
tremendous fluctuations in the annual abundance of shrimp. Such fluctuations show up clearly in 
an examination ofdisaggregated catch records. There is, however, no clear evidence that catch in 
subsequent years is in any direct way related to catch in previous years. Berry [2] notes "years of 
relatively good or poor harvest occur with no obvious regularity, suggesting that the causes of 
fluctuations in abundance are not cyclic." Also the lack of any significant sequential co-relation 
indicates that spawner-recruit relationships are not critical determinants of subsequent crops. 
A discrete-time cohort shrimp population model is used in FISYS. The age group used in FISYS 
is one semi-month induration, with the maximum age of shrimp being achieved at 18 months. With 
considerable experimentation, wehave found that the age duration chosen here is small enough 
to capture rapid growth which is characteristic of shrimp, and yet maintain the program's storage 
and computation requirements at a reasonable vel. With this choice of age groupings, 18 months 
are divided into 36 time periods, and the shrimp population during any time is divided into 36 
cohorts. The population dynamics are advanced once every time period. Using this disaggregation 
provides a "discrete-time" approximation to the continuous dynamics of the population. 
The elements that determine the population at each instant are: natural mortality, fishing 
mortality, recruitment, growth, migration between grounds, migration in or out of the fishery, and 
the population at the last instant. 
Natural mortality is formulated as an instantaneous rate. As a result of natural mortality, a
fraction of shrimp in each cohort die while the rest move on to the next cohort in the next time 
period. Fishing mortality is also formulated as an instantaneous rate. This rate depends on the 
intensity of fishing activity. Interground migration isformulated such that a predetermined fraction 
of a cohort moves to the corresponding cohort in another ground. Immigration and emigration 
are handled in the same way as interground migration. 
Recruitment is in absolute numbers which are added to the youngest cohort in the inshore 
ground. The recruitment of shrimp is known to have little relationship with the existing stocks, 
consequently recruitment is determined exogeneously from scientifically observed historical 
patterns. 
In addition to the number of shrimp, the size and weight of each shrimp is an important 
determinant of economic value. The growth in size and weight as shrimp age is characterized by 
the von Bertalanffy growth curve [3], whose equations are 
L(t) = Lo~ {1 - exp[-k,(t - to)]} (2.1) 
and 
W(t) = a.  (L(t)) b, (2.2) 
where L(t) = the length of shrimp at age t; L~ = the theoretically maximal length of shrimp (this 
varies across species); kt = instantaneous growth rate of shrimp (this also varies from species to 
species); to = time shift (for instance, at age to, the shrimp length is theoretically zero); 
W(t) = shrimp weight at age t; and a, b = biological coefficients. 
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Table 1 
Shrimp Pink White Brown 
w~ (8) 33.84 35.76 27.60 
L~ (mm) 178.0 115.0 105.7 
t o (semi-month) -4.24 -3.733 -3.945 
k (/semi-month) 0.1234 0.133 0.1405 
b 0.1354 2.9991 2.9991 
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From equations (2.1) and (2.), we have 
W(t) = Woo {1 - exp[-kt(t - to)]} b, (2.3) 
where Woo = a • LL--the theoretical maximum weight of shrimp. 
Numerical values for the parameters of the von Bertalanffy growth curve vary by species, region 
of the Gulf and environmental conditions. Hence intensive field research is required to determine 
nominal numerical values. Precisely such research has been the focus of scientific research at the 
Southeast Fisheries Center. Numerical data from this research, as shown in Table 1, were used in 
parameterizing the shrimp biological equation. 
According to fishery nomenclature mortality is disaggregated along three parameters. They are: 
z as instantaneous total mortality coefficient; F as instantaneous fishing mortality coefficient; and 
m as instantaneous natural mortality coefficent. 
For the Gulf of Mexico, mortality research conducted by Costello and Allen [4] and Berry [2], 
showed that for pink shrimp m varies between 0.14 and 0.19/biweekly. According to Dr S. Nichols 
[personal contact], the natural instantaneous mortality coefficients for white and brown shrimp 
are about 0.21 and 0.285 monthly. Fishing mortality varies, depending on the fishing intensity 
which varies from ground to ground. The determination of fishing mortality is endogeneous to the 
model. Its instantaneous value is determined by the harvesting model. 
Shrimp recruitment occurs in the inshore area, and migration patterns result in the shrimp 
moving to offshore grounds. The migration rate increases as shrimp get older; however, the rate 
saturates once the shrimp mature. This migration pattern is modeled by a linear function relating 
shrimp age to the migration rate. Preliminary scientific evidence gathered by Dr S. Nichols shows 
that the maximum migration rate of 0.25 occurs when the shrimp reach an average age of 2 months. 
Recruitment of shrimp is not a function of the present stock, making shrimp unique among fish 
populations. Instead, recruitment is heavily influenced by environmental conditions. The annual 
recruitment data used in FISYS is shown in Table 2. This data was suggested by Dr S. Nichols 
of the SEFC [personal contact]. 
Mortality and migration are combined into the following population dynamics model: 
SI(1) = recruitment, (2.4) 
SO(I) = 0 (2.5) 
SI(t + 1) = SI(t),(1 - FMIG + FIMM - FEMI), exp( -F  - M) (2.6) 
SO(t + 1) = SI(t),FMIG + SO(t)*(1 + FIMM - FEMI) ,exp( -F  - M) (2.7) 
for t = 1, 2 . . . . .  36 (time units are semi-months), where SI(t)= inshore population of cohort t; 
SO(t) = offshore population of cohort t; FMIG = migration rate from inshore to offshore ground 
Table 2. Recruitment pattern (proportion %) 
Month Pink shrimp White shrimp 
January 0.07984 0 
February 0.09832 0 
March 0.10759 0 
April 0.08157 0 
May 0.05451 0 
June 0.03621 0.10912 
July 0.05247 0.10854 
August 0.09640 0.20921 
September 0.12317 0.50257 
October 0.I 1850 0.05025 
November 0.08709 0.02032 
December 0.06432 0 
Brown shrimp 
0.01896 
0.01876 
0.03808 
0.12328 
0.33738 
0.22182 
0.09012 
0.03953 
0.03012 
0,02582 
0.02826 
0.02787 
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in semi-month; FIMM = immigration rate from outside in semi-month; FEMI = emigration rate 
to outside of fishery in semi-month; F = instantaneous fishing mortality for semi-month; and 
M = instantaneous natural mortality for semi-month. 
Shrimp size is the most important determinant of economic value. Hence, FISYS has an explicit 
representation f size at each stage. 
2.2. The harvesting model 
The determination of fishing effort and the resulting landings is the heart of the model. The 
harvesting equations bring together the biological and economic omponents of the model. 
Fishery data is such that there are three representations of size in the model. At the biological 
level, size is represented by age, and hence, by cohorts. Since there are 36 age cohorts there are 
36 size groupings in the population dynamics model. At the dockside level shrimp are categorized 
according to the tails per pound. Typically, landings data has 9 categories which range from < 15, 
15-20, 21-25, 26-30, 31-40, 41-50, 51-67, >67 tails per pound. 
Beyond the dockside shrimp are processed into a variety of products, such as canned, breaded, 
fresh, frozen, peeled, etc. Each product has a preferred range of shrimp sizes. Generally speaking, 
within the processing sector, shrimp less than 30 tails per pound are considered as large (ICL), those 
greater than 67 tails per pound are small (ICS), whereas the intermediate ranges are considered 
a medium size (ICM). 
All of these three size representations are explicitly calculated in the model to allow for model 
validation using dockside data. 
For a given dockside price vector, the model will compute the efforts which each kind of vessel 
would like to put into fishing, and with such effort, how much landing the fishermen would get. 
The computation of vessel efficiency and catch per unit effort forms the basis of effort calculations. 
In Tse and Khilnani [4] a general process model is developed to determine fishing effort. However, 
in the specific ase of the Gulf of Mexico certain simplifications were used to achieve computational 
efficiency. The simplified approach is discussed next. 
There are two types of commercial vessels represented in FISYS. Let us define the economic 
efficiency EEIv of the IVth vessel as 
36 
~Pi*qw. ,  PL* ~ qIV.i+PM* ~, qws+Ps * ~ qw.i 
EEIv -- i= I _ i E ICL i ~ lCU i ~ ICS , (2.8) 
CIv Cw 
where Cw = the variable cost; p~ = price of shrimp in cohort i; PL = price of large shrimp; PM = price 
of medium shrimp; Ps = price of small shrimp; and qlv.i = catchability coefficient of vessel type IV 
for shrimp cohort i. 
Then, if EEt > EEz, we say vessel type 1 is more efficient han vessel type 2 and vice versa. The 
fishermen's marginal analysis consideration is what determines effort. This marginal analysis can 
be determined as the solution of an optimization problem and solved via the first-order necessary 
conditions (FONC). 
The optimization problem is one with objective function [1] 
pry  _ CE, (2.9) 
where P = price vector; E = effort; C = cost per effort; and Y = landing vector; with constraints 
on effort imposed by environment and legal conditions. Moreover, the landing Y is a vector with 
Y, = E .  #,(E), (2.10) 
/3,(E) = flo . exp( -  Q,E), (2.11) 
where/~i is the catch per unit effort for the ith cohort group, which depends on effort. Using FONC 
on (2.9), 
PT  3 - -  C 
E = (2.12) 
pr #,Q,, Z 3,Q,, E 3,Q, 
i S i ~ ICM i ~ ICL 
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where 
For convenience, let vessel type 1 be an inefficient vessel. Over a short time interval et T~ be the 
time the inefficient vessel expends fishing, T2 be additional time the efficient vessel expends fishing. 
Then 
Tineff ~ ''(I, 
3cffic ~ "(I "Jr" T 2 • 
Using FONC [equation (2.12)] for inefficient vessels: 
pr/~ _ cost(inett) 
31 = , (2 .13)  pTv 
where 
~= ~. fli(VN1,Q~,+VN2.Q2,)+ ~ fl~(VN1.Q,,+VN2.Q2i) 
i • ICS i ¢ ICM 
+ ~ f l i (VNI*Q~+VN2*Q2) ,  (2.14) 
i e ICL 
where fl; = catch per unit effort for cohort i, i = 1, 2 . . . . .  36; cost(inef0 = inefficient vessel cost; 
P = price vector, with three components; VN1 = number of inefficient vessels; VN2 = number of 
efficient vessels; Q,; = inefficient vessel catchability for cohort i; Q2~ = efficient vessel catchability for 
cohort i; and i = 1, 2 . . . . .  36. 
Similarly using FONC again for vessel type 2 
'..(2 = (2.15) 
S(E) 
S o 
36 
Q:=T~ Q,,. 
[=I 
Now, we have z,, the fishing days of inefficient vessels, and x2, the additional fishing days of 
efficient vessels. Also, we know that #ff is a decreasing function of fishing effort as shown in 
Fig. I. For simplification, we use a linear approximation to the fl function, to give ½Lg°+ fl(E, )] 
where El is the effort already put into fishing. 
Let 
~i = rl * QIt + r2Q2t, (2.16) 
where rl, r: are the number of vessels for type 1 and type 2, respectively. Then 
Landing(l, i) = 2~ ° + fl,(~:~)] •zt ,  r~, (2.17) 
Landing(2, i) = l 0 + ~ (2.18) 5[#2 M ¢, ,)] * ~1 * r2 + ½{#2(~:,) + #5[~,(~, + ~2)]} * ~2 * r~. 
B(E 1) 
E 1 
Fig. I 
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Total landing for cohort i is 
Landing(i) = Landing(l, i) + Landing(2, i), 
for i = 1, 2 . . . . .  36. Therefore, the landings for large, medium, and small shrimp are 
(2.19) 
Landing(Large)= ~ Landing(i), 
i e ICL  
(2.20) 
Landing(Medium)= ~ Landing(i), 
i ~ ICM 
(2.21) 
Landing(Small)= ~ Landing(i). 
i ~ ICS 
Landed shrimp are moved through the dockside to consumers via a variety of channels. 
(2.22) 
2.3. Demand model and market equilibrium 
Shrimp are processed and marketed in different product forms such as fresh, frozen, canned, 
salted, smoked, dried, peeled and deveined, and breaded. There are three main processing markets 
for Gulf shrimp: (1) canned, (2) breaded, and (3) fresh and frozen. Although each product ype 
has a preferred range in shrimp size, there is some processing of all sizes in each product category 
because of fluctuations in size availability and catch size. Hu and Whitaker [6] found that as a rule, 
the canning industry preferred "small" shrimp (those greater than 65 tails per pound), breaded 
shrimp producers preferred the "medium" variety (those in the 30-65 tails per pound range), and 
the fresh and frozen shrimp market concentrated on "large" size shrimp (those less than 30 tails 
per pound). 
The processor plays a very important role in the fishery. Typically he announces a price to the 
fishermen who respond by fishing. Then the processor purchases fish at the dockside and processes 
the fish into a variety of product forms. Finally he ships the fish to the retail market and gets 
revenue from consumers. 
There are two types of processing factories, small ones and large ones. The small ones account 
for about one third of the amount processed. According to O'Rourke [7], the large processing firms 
exercise considerable power in the fishery by controlling prices, influencing consumers, organizing 
supply, getting imports from foreign countries, and ensuring favorable government action. The 
model includes a representation f small and large producers interacting oligopolistically (see [8]). 
The dockside demand function and retail demand function are statistically derived from previous 
market data and market analysis (see Tom and Tse [9] and Khilnani and Tse [10]). The demand 
function interacts with the processor's problem and/or fishermen's problem through a market 
mechanism. Depending on the particular market structure being represented, the mechanism 
computes equilibrium prices and quantities for each size category of shrimp. The choice of market 
structure determines the interacting role of the processing sector with the dockside demand sector 
in the form of the dockside price. In FISYS, there are five market choices available. Each of them 
is either one or a combination of the following: oligopoly--few sellers and many buyers; 
oligopsony--many sellers and few buyers; perfect competition--many sellers and many buyers. 
3. SIMULATION OF A BASE CASE 
The Gulf of Mexico shrimp fishery is the most valuable shrimp fishery in the United States. The 
Gulf shrimp fishery can be divided into three relatively independent fisheries. These are: (1) the 
Texas fishery, (2) the Northern Gulf fishery, which includes Louisiana, Mississippi and Alabama, 
and (3) the Florida shrimp fishery. 
In 1981, the shrimp landing from Texas, Northern Gulf, and Florida was approx. 28, 41, and 
15 million kg, respectively, which is worth $135, $185, and $54 million respectively. 
The major shrimp species in Florida is the pink shrimp, (Penaeus duorarum); in the Northern 
Gulf it is the white shrimp, (Penaeus etiferas, L.; and brown shrimp); and in Texas the dominant 
species is brown shrimp, (Penaeus aztecus, Ives). 
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In order to extract he maximum possible benefit from the FISYS model, it is essential to 
establish a base case. This base case approximately represents conditions in the fishery during a 
typical year. Additionally, the base case provides a reference point to which policy departures may 
be compared. In this section asummary of the base case is presented. The base case is then validated 
via a detailed process of comparing simulation runs with observed outcomes. Data, and parameter 
estimates necessary to simulate the fishery were extracted from over fifteen years of observation 
and scientific studies. As with most tropical fish and crustaceans, stock and biological parameters 
are quite prone to annual fluctuations. Hence, it is unreasonable to expect o replicate xactly the 
observed output for any particular year. Instead, our goal is to approximately represent outcomes 
in the fishery with reasonable computer simulations. 
In its fully disaggregated form, the data sets that FISYS uses for input are comprised of several 
hundred separate numerical values. Fortunately because FISYS provides the structure which 
integrates a number of submodels into a coherent whole, it is possible to decompose the problem 
of estimating parameters for the overall model into a number of estimation problems for the smaller 
submodels. Where scientific studies have been performed, parameter estimates are based on 
statistical results presented insuch studies. In cases where no studies have been performed, or studies 
have been performed by scientists but not fully documented, a "nominal case" is established which 
is a simulation run that experts consider reasonable. More specifically, experts agree that the results 
approximate he behavior of the real-life system and are within bounds of observed fluctuations. 
Simultaneous runs are then made by varying individual key parameters around their nominal 
values to check that the simulated results retain their reasonableness. When all adjustments have 
been made to satisfy this rather artistic riterion, the resulting simulation iscalled the "base case". 
The synthesis of the base case reflects the situation in the Gulf of Mexico shrimp fishery ca 1981. 
This does not mean that the base case replicates the fishery at that time in every detail, only that 
it is a convenient touchstone. The importance of the model is not necessarily in its ability to 
replicate reality, but in its utility as a tool that integrates the knowledge from many disparate fields 
and allows management policies to be tested with some confidence that all the "best available 
information" has been used. 
Next we discuss the methods and sources for estimating the nominal values for key parameters 
in each submodel. Many of the relevant biological parameters were obtainable from those 
summarized in the various drafts of the Gulf Shrimp Fishery Management Plans. These plans list 
virtually all references available on the subject. In most cases, we had to go to the original references 
for detailed parameter values. 
There is little quantitative information on migration. For interground (inshore to offshore) 
migration of brown shrimp, there is the qualitative information that it peaks on full moons in 
May-August [11] or it peaks in mid-May and mid-June [12]. White shrimp do not migrate much, 
staying mostly in the inshore waters [O. Farley, private communication]. There is even less 
information on migration in or out of the fishery. The indications are that there is not much 
movement [15], with a slight southward rift [14]. In view of this paucity of numerical information, 
we put in nominal values for maximum migration fractions ranging from 0.15 in winter to 0.25 
in summer for brown and pink shrimp. These give a reasonable distribution of catch between 
inshore and offshore grounds. The values for emigration and immigration were set to zero. 
Instantaneous natural mortality rates were set at nomimal values of 0.21 (weekly) or 0.45 
(semi-monthly) for brown shrimp [13], 0.08 (weekly) or 0.17 (semi-monthly) for white [15], and 0.22 
(weekly) or 0.48 (semi-monthly) for pink [10]. 
The growth rate for brown shrimp was set at 0.074 (semi-monthly) I16], for white shrimp at 0.14 
[17], and for pink shrimp at 0.13 [10]. The maximum weights for each species were set at 0.05, 0.06 
and 0.036 kg for brown, white and pink respectively. 
The growth parameter which determines the age at which a shrimp's weight is discernible 
(nonzero) is a source of estimation error. Since brown Shrimp undergo first metamorphosis I 1-15 
days after hatching [17] which is around 1 semi-month, that value is used. 
Vessel and economic data were obtained from a variety of sources. Much of the information is
available via personal contact from National Marine Fisheries Service port agents. However, other 
sources were also included: Swartz [18] has data on the number of vessels fishing; the cost of fishing 
averaged $475 per day for type 2 boats [Griffin, private communication]. 
C.A.M.W.A. 18/6-7--N 
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Table 3. Base case for Northern Gulf fishery in 1981 (with actual data in parentheses) 
Spring Summer 
Price Landing Price Landing 
Size ($/lb) ( × 106 lb) ($/Ib) ( × 106 lb) 
Small shrimp 1.465 24,1 1.42 8.05 
(I.38) (26,7) (1.39) (6.43) 
Medium shrimp 2.922 8.53 2.41 12.33 
(2.92) (7.08) (2.31) (12.5) 
Large shrimp 4.82 3.30 6.54 5.0 
(4.91) (3.23) (4.43) (6.44) 
Total 2.11 35.93 2.90 25.38 
(1.98) (37.01) (2.26) (25.37) 
Net revenue 28.01 12.13 
(x 1065) 
Imports data was obtained on tape from NMFS in Washington, D.C. Unfortunately, these data 
are based on customs and excise collections which do not include size categories of shrimp. The 
totals were split between large and small markets by using "guesstimated" fractions. These fractions 
vary from 36% large in winter to 29% in spring and summer to 32% in fall. The total domestic 
landings in each quarter were added to imports to obtain the total domestic consumption. The 
parameters for the demand model were estimated from these data. The fit of the data to the model 
is rather disappointing (r2< 0.6) but not unexpected for fisheries data. 
The complete simulation of the base case is difficult to replicate within the constraints of this 
paper. The interested reader is directed to the complete information documented in Khilnani and 
Tse [10], Tom and Tse [9], and Khilnani et al. [8]. For the purpose of this paper a concise summary 
of two quarters, spring and summer 1981, is provided in Tables 3-5. These tables cover the 
Northern Gulf, Texas, and Florida fisheries respectively. One measure of the "reasonableness" of 
the base case is its similarity to the observed data. For convenience, the observed data is shown 
in parentheses. As can be seen from these tables, the match between the model simulation and 
recorded data is reasonably good. The match confers a degree of confidence in the model. 
Additional confidence in the model is obtained by performing sensitivity analyses. These analyses 
evaluate model response to externally imposed changes (e.g. poor recruitment, fuel cost, inflation, 
Table 4. Base case for Texas fishery in 1981 (with actual data in parentheses) 
Spring Summer 
Price Landing Price Landing 
Size ($/Ib) ( x 106 Ib) ($/lb) ( x 106 lb) 
Small shrimp 1.61 3.82 1.56 3.01 
(1.55) (4.07) (1.49) (2.59) 
Medium shrimp 3.01 2.52 2.47 22.1 
(2.95) (2.22) (2.29) (23.3) 
Large shrimp 5.20 1.27 4.55 9.1 
(5.07) (1.175) (4.28) (9.6) 
Total 2.67 7.61 2.94 34.21 
(2.52) (7.47) (2.77) (35.49) 
Net Revenue 1.81 8.9 
( x 106 $) 
Table 5. Base case for Florida fishery in 1981 (with actual data in parenthesis) 
Spring Summer 
Price Landing Price Landing 
Size ($/lb) ( x 106 lb) ($/lb) ( x 106 lb) 
Small shrimp 1.39 1.69 1.281 0.36 
(1.33) (1.53) (I. 18) (0.25) 
Medium shrimp 3.07 4.67 2.47 1.96 
(3.00) (4.93) (2.28) (2.12) 
Large shrimp 4.67 1.377 4.49 0.88 
(4.51) (I .273) (4.24) (0.72) 
Total 2.99 7.737 2.89 3.20 
(2.93) (7.73) (2.65) (3.09) 
Net revenue 26.33 16.14 
(× 1065) 
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etc.). The model was made available to researchers studying Gulf shrimp. In all several dozen 
simulations were performed to test the validity of the model. Again individual regional validations 
may be found in Khilnani and Tse [10], Tom and Tse [9], and Khilnani et al. [8]. For brevity, these 
results are not replicated in this paper. 
4. SIMULATING POLICY OPTIONS 
The value of the base case and sensitivity analysis is to increase confidence in the model. The 
true value of the model is in its use as a low cost laboratory to evaluate policy options prior to 
their actual implementation. I  this section we shall report he use of FISYS to study policies that 
were under consideration by the Regional Fishery Management Council. 
4. I. Tortugas fishery 
The Tortugas pink shrimp fishery off the southwestern tip of Florida is one of the most stable 
and economically productive fisheries in Florida. From June 1978 to May 1979, for example, over 
3 million kg of Tortugas pink shrimp were landed for an exvessel value of $18 million. Using a 
multiplier of 3.4, this generated a total contribution of $61.0 million to the Florida economy. 
The Tortugas shrimp is an annual crop with a 1 year life cycle. After adult shrimp spawn 
offshore, the larvae are carried inshore to the Florida Bay and adjoining Florida Keys nursery 
grounds. In these mangrove swamps the juveniles grow. As they grow, juvenile shrimp migrate back 
to the Tortugas. During the migration process juvenile and adult pink shrimp are sought by human 
and natural predators. The details of the migration process is still not very well-known. It has been 
found that shrimp of all sizes are found in all depths, with more large shrimp in the offshore as 
compared to the nearshore grounds. Also, there are great uncertainties with respect o biometric 
data. 
The fishery itself is located 80 miles to the southwest of Key West. The vast majority of the catch 
from the Tortugas stock is landed at the ports of Key West and Marathon Key. This is a single 
directed fishery. The fleet is large and seasonal though quite homogeneous. The main fishing season 
starts in late October or early November and concludes in late April or early May when most of 
the fleet departs to the other Gulf states. 
Historically, since 1956 the Tortugas has been managed by the Florida State Department of 
Natural Resources. Florida law specifies a minimum count for shrimp. The management option 
considered by the Regional Council and analyzedin this paper would be to close the Florida Bay 
Estuary and adjoining fishing ground up to a depth of some 9 fathoms. According to FCMA the 
main issue is whether such an option would increase "benefit o the nation". Another important 
issue to be considered is the enforcement cost in policing the closure policy. Such a cost is directly 
related to the potential profits a violator stands to gain when all the other fishermen abide by the 
policy. 
The FISYS model was adapted to the study of the Tortugas fishery. A base case was developed 
which represents he no closure situation. Several policy options under various circumstances were 
simulated on the FISYS model. It is not possible to reproduce all the results here. We shall describe 
the summary of findings in the following section. For details see Khilnani and Tse [10]. 
We had compared simulations of the closure with the standard run of the base case. In fall 
quarter the two simulations how virtually identical results. In winter quarter, however, dramatic 
changes become apparent. Under closure, landings of both small and large shrimp decrease, 
consequently price increases. The proportion of catch between small and large shrimp is almost 
the same. As a result, if all the fishermen abide by the policy, the boat net revenues are significantly 
increased. Thus fishermen benefit from the closure policy. Consumers, on the other hand, are 
adversely affected. The simulation divides the fishery into two grounds; ground 1 which is subject 
to closure and ground 2 which is permanently open. The quarter-end biomass in ground 2 is very 
slightly lower; however, the quarter-end biomass in ground 1 is significantly higher. The overall 
biomass as a result of closure is higher, which confirms the expectations of the stock assessment 
biologists. 
The policy creates a disparity between the two grounds. Because of closure, ground 1 becomes 
684 E. TSE and A. KHILNANI 
more attractive to the fishermen. The model provides ameasure of the attractiveness of the inshore 
ground to the fisherman, which is represented by the Lagrange multiplier 2associated with closure 
constraint. In the fall quarter the 2 is a 0.55 ($/kg). 2 may be interpreted as the net dollar profit 
accruing to the fisherman if he could, by violating the policy, land one more kilogram from the 
closed ground and sell it at the prevailing market price. Therefore, 2 represents a measure of the 
temptation to violate. 
If the fisherman is typical and lands around 200 kg per night, according to the above 
interpretation hewould net $110 in profit if he fished in the inshore ground. Therefore, even with 
a fine of less than $110, he still stands to gain by violating the policy. 
In winter quarter the pressure variable 2 has a value of $1.11/kg. Thus in the second quarter, 
because of the depletion of the offshore ground and insufficient replenishment from the inshore 
ground, the latter has become twice as attractive as it was in the fall quarter. The disparity created 
between the two grounds by the closure policy implies a serious enforcement problem. 
Viewed in total, it seems as if the closure policy produces amixed bag of benefits and disbenefits. 
Producers benefit from the policy even though there is tremendous temptation tofish in the inshore 
ground, thus making enforcement an important issue. Consumers, however, lose because of a 
decline in the catch and an increase in the price. The stock is conserved by the closure; however, 
its distribution is skewed between the grounds. Moreover, the implementation f the policy may 
be costly. Several dozen additional simulations were performed to test the policy under different 
environmental and economic onditions (e.g. varying migration, mortality, harvesting costs, etc.). 
The general conclusions remain the same. 
The results of these simulations were made available to the Gulf of Mexico Fishery Management 
Council. The Council considered this input along with its other mandated considerations such as 
public hearing. In late 1979 the Council decided not to implement the closure policy. Instead a 
permanent shrimp sanctuary was established in the Florida East Bay Estuary which eliminated 
trawling in waters approx. 6.5 fathoms. Hence, the model achieved its goal of a low cost laboratory 
to test management policies prior to implementation. 
4.2. Texas closure policy 
In the period January-July 1981, we had the opportunity to apply the FISYS model to the 
Texas closure policy which was implemented in the summer of 1981. The actual closure was 
implemented allowing for an ex-post analysis to follow the ex-ante analysis performed while the 
policy was being debated. The outcome of these comparisons i  discussed next. 
The closure policy was examined in the Overview Report [19] submitted to the Gulf of Mexico 
Fishery Management Council. Specifically, the closure was of Texas shrimping rounds out to the 
200 mile limit from 1 June through 15 July and the lifting of the ban on landings of shrimp smaller 
than 65 tails/lb. The territorial sea (0-9 miles) is closed by Texas for the period from 1 June through 
15 July. The purpose of the closure policy is to protect juvenile shrimp, allowing them to grow 
to larger sizes. Since large shrimp are more valuable, this would increase the value of landings in 
the months following the closure. 
The Overview Report examines eight major questions regarding the 1981 closure. Because of time 
limitations, we concerned ourselves primarily with the question of what would have happened had 
there not been a closure. 
The overall catch in July and August is shown in Table 6. For comparison with FISYS results, 
we need to disaggregate hese numbers by size of shrimp. 
In FISYS, we considered three sizes of shrimp: "tiny" (< 65 tails/lb), "small" (between 30 tails/lb 
and 65 tails/lb) and "large" (< 30 tails/lb). We felt that this was enough disaggregation to capture 
the essence of the small-to-large controversy and yet have the simulations run at reasonable cost. 
We worked from Fig. F19, p. A-24, in the Overview Report to obtain approximate catch by size 
categories; these data are shown in Table 7. 
Table 6. Ovcrall catch in 1981 
Month Million pound tails 
July 10.3 
August 14.6 
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Table 7. Actual catch by size category 
Month Size Million pounds tails 
Table 8. Nominal actual prices by size category 
Month Size $/Ib tails 
July Large 1.54 July Large 5.00 
Small 6.70 Small 2.40 
Tiny 2.06 Tiny 1.60 
August Large 4.23 August Large 3.75 
Small 8.18 Small 2.20 
Tiny 2.29 Tiny 1.70 
Table 9. Matching FISYS with actual record--July, with closure 
policy in effect 
Table I0. Matching FISYS with actual record--August, with clo- 
sure policy in effect 
Prices ($) Catch (x 106kg) Prices ($) Catch (x 106 kg) 
Size Actual FISYS Actual FISYS Size Actual FISYS Actual FISYS 
Large 11.00 10.88 0.70 0.56 Large 8.25 8.31 1.92 1.66 
Small 5.28 4.99 3.05 2.78 Small 4.84 4.32 3.72 3.43 
Tiny 3.52 3.16 0.94 1.44 Tiny 3.74 2.59 0.995 1.79 
Similarly, we worked from Fig. F23, p. A-28 in the Overview Report o obtain approximate prices 
by size category; these data are shown in Table 8. 
In 1981, before the start of the fishing season, we had already submitted a report describing the 
expected results of the closure policy. The report was based on 1976 estimated recruitment data. 
Although we have not and do not regard FISYS as a forecasting model, it is encouraging that its 
results ex ante were similar in kind to the ex post results in the Overview Report (see Tom and Tse 
[9]). The report indicated that the landings of large shrimp do rise as a result of closure. However, 
the price of large shrimp falls. 
By the end of 1981, we simulated FISYS using 1981 estimated recruitment data to match the 
results in Tables 7 and 8. FISYS is a large disaggregated model, hence we consider differences of 
around 20% acceptable for management purposes. 
Table 9 shows that the match in July is fairly good, with the exception of the tiny shrimp catch. 
This is not surprising since the tiny shrimp fishery is new and the data for the demand of tiny shrimp 
was quite scanty (as we noted in the original report [9]). 
In August (Table 10) the "match" is again reasonable xcept for tiny shrimp. 
Having obtained a reasonable match with the actual record, we were in a position to ask "what 
if" questions. An important one is: "What if closure had not been implemented in 1981?" This 
question is addressed in the Overview Report with a combination of yield per recruit and price 
flexibility analysis. FISYS offers an alternate method, without having to assume that fishing effort 
is identical with or without closure. The simulation results are summarized in Tables 11-14. 
Under closure, the fishery is closed for part of July (through 15 July) hence the landings are lower 
overall than if there had been no closure (as shown in Table 11). 
When the fishery opens up again, many more large shrimp are available and so the landings of 
large shrimp are up in August relative to no closure (as shown in Table 12). The catch of small 
and tiny are up also, because of the greater activity induced by the closure. 
By September, the effects of closure have more or less died down, although there is still some 
increase in catch (as shown in Table 13). 
As expected, the value of landings in July is higher under no closure since there is no fishing 
in the first part of that month (see Table 14). Under closure, the increased landings in August more 
than make up for the drop in prices and thus the exvessel value is higher under closure. The value 
in September is higher under closure for the same reason. 
Table II. Comparison between closure and no closure using FISYS simula- 
tion-July 1981 
Prices ($) Catch ( × 10 6 kg) 
Size No closure Closure No closure Closure 
Large 10.39 10.88 0.620 0.560 
Small 3.60 4.99 4.520 2.780 
Tiny 1.79 3.16 3.095 1.440 
686 E. TSE and  A.  KH1LNANI 
Table 12. Comparison between closure and no closure using FISYS simula- 
t ion -August  1981 
Prices ($) Catch ( x 106 kg) 
Size No closure Closure No closure Closure 
Large 9.38 8.31 1.16 1.66 
Small 4.86 4.32 2.86 3.43 
Tiny 2.82 2.59 1.55 1.79 
Table 13. Comparison between closure and no closure using FISYS simula- 
t ion-September 1981 
Prices ($) Catch ( x 106 kg) 
Size No closure Closure No closure Closure 
Large 10.67 9.95 0.50 0.686 
Small 5.76 4.87 1.46 1.830 
Tiny 1.92 1.83 1.88 2.020 
Table 14. Comparison of total values 
Values ( x 10 6 $) 
Month Actual FISYS (closure) FISYS (no closure) 
July 27.1 24.5 28.2 
August 37.6 33.2 29.15 
September - -  19.4 16.6 
Test trials in the Spring of 1981 indicated that recruitment was above average. The policy 
analysts wondered "what if 1981 had been a bad year; i.e. recruitment is below the average and 
mortality is up?" FISYS was used to simulate a "bad year". It was discovered that the implications 
of the closure policy remain pretty much the same. In summary then, the ex-ante analysis had 
simulated a closure policy and shown that the outcome would be beneficial. Based on a variety 
of inputs, including FISYS, the Gulf of Mexico Fishery Management Council implemented the 
closure policy. The outcome was remarkably close to what FISYS had shown. Hence, on 26 and 
27 February 1982, a conference was organized in Miami, Florida. The conference was attended 
by fishery resource experts from NMFS, the Fishery Management Councils, and academia. 
The team from Stanford responsible for the development of FISYS presented key aspects of the 
research, including policy and validation analysis. The concensus at this meeting was that the 
FISYS model is a valuable tool in fishery policy analysis. 
5. OTHER ISSUES IN FISHERY MANAGEMENT 
The harvesting capacity issue has long been an important issue from the economic point of view. 
Economists predict, theoretically, that open access to fisheries will lead to over capitalization which 
leads to economic hardships faced by the fishermen. Their solution is regulating entry. The 
biologists' concern is with over-exploitation f fishery resources which leads to possible xtinction. 
Their answer is regulating fishing activities. These two issues were also addressed in the Gulf of 
Mexico shrimp fishery. While these solutions eem simple on paper; they are extremely difficult o 
implement. We did not attempt to give "answers" to these issues; but rather, extended FISYS in 
order to capture these issues. Hopefully, the integrated framework can provide a vehicle for the 
decision makers involved to communicate with each other about he issues of concern, and the short 
and long term impacts of any policy to the fishery community. In the following, we shall briefly 
describe two additional issues that were addressed by FISYS. 
5.1. Harvesting capacity of the Gulf shrimp fishery 
The shrimp fishery in the Gulf area is probably one of the more profitable industries in fishing. 
To maintain their economic position, shrimp fishermen always focus on the issue of "are there 
enough shrimp to go around for the shrimp fishermen?" When Texas considered their closure 
policy, the Louisiana shrimp fishermen were concerned about whether this would have an adverse 
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impact of them. This concern arose from the fact that almost all Louisiana fishing vessels are small 
and only capable of doing local fishing (Northern Gulf), whereas many Texas fishing vessels are 
large and capable of moving to other fishing grounds when it is more economical to do so. The 
closure of the Texas ground means that at certain seasons, when the Texas ground is closed, many 
Texas shrimp vessels will be fishing in Louisiana waters. When the Texas ground is opened up 
again, the Louisiana shrimpers cannot benefit from the abundant resources available in the Texas 
ground since they are limited by their vessels' capability. Also, the issue of whether there should 
be any regulation on entry was of interest. 
To address these issues, we need to integrate the three independent fisheries (Texas, Northern 
Gulf, and Florida) together by linking (a) the possible migration of the three species of shrimp 
among the different fishing regions; (b) the possible mobility of harvesting vessels that move from 
one region to another depending on prices and the availability of shrimp; and (c) the wholesale 
market (Chicago, New York) where processors usually sell their product. 
A fully integrated model that captures the above linkages was developed. However, extensive 
testing of the model was not possible due to lack of data. Instead, limited tests were conducted 
[8]. The limited test results are in general agreement with NMFS data. Some simulation studies 
on the issue of capacity reduction or increase were studied by He [20] in his Ph.D. thesis. It was 
shown that, at least with the present status of fishery conditions, the impact of capacity expansion 
depends on whether the large vessels or the small vessels are expanded: there are now too many 
small vessels, and a reduction in number will yield a higher total surplus; the number of large vessels 
is not enough, and an increase in large vessels will yield a higher total surplus. His study also 
questions the practicality, or even the desirability, of doing any "optimal allocation" of fishing 
effort or capacity utilization based on any optimal economic model. The first argument is that the 
additional theoretical benefit from optimum allocation as compared to the competitive situation 
is so small that it does not outweigh the tremendous cost of setting up an institution to control 
the allocation. The second argument is that due to high uncertainty and lack of data, any "derived 
optimal solution" is not necessarily optimum; and because of highly fluctuating environmental 
conditions, optimal for one season is not optimum for another. 
5.2. Turtle by-catch issue 
Other than economic onsiderations, ecological issues are of concern to fishery management. One 
of the most debated issues is the by-catch issue. The porpoise by-catch issue in tuna fishery and 
turtle by-catch issue in the Texas shrimp fishery are two such issues which receive national 
attention. In the Texas shrimp fishery study, we examined the turtle by-catch issue. 
The decline in the populations of various species of sea turtles in the Gulf has become an 
important issue. Due to the unavailability of hard data, the extent and rate of decline is not known. 
However, the anecdotal evidence is alarming enough that the populations have been declared 
officially endangered or threatened. Sea turtles usually stay in the open, deep waters of the Gulf 
where their encounters with shrimp trawlers are rare. However, the females go ashore in late spring 
and early summer to lay their eggs on the beaches. In addition, turtles ometimes occur in the same 
areas as shrimp, possibly because turtles eat shrimp or the same basic food that shrimp eat. For 
these reasons, there are times that sea turtles are vulnerable to being caught in the nets of shrimp 
trawlers. If they are entangled for too long, they drown [21]. Hence, even though the intentional 
capture of sea turtles is illegal, many turtles are accidentally caught and killed by shrimp trawlers. 
There is ongoing work on the construction of trawl net devices which exclude turtles, but not 
shrimp. The hope is that these devices reduce the turtle catch, but not the shrimp catch. The results 
thus far are inconclusive [22]. 
The dynamics of sea turtle populations are in sharp contrast o the rapid-paced ynamics of 
shrimp. In the passage of a single year, a whole generation of shrimp will have hatched, matured 
and died; whereas over that same interval ittle will have happened to the turtle population. Since 
the fishermen's ( hrimpers') activities are influenced by the shrimp population, and only the result 
of the shrimpers activities will impact on turtles' by-catch, we decoupled the turtles' population 
module from the main FISYS program. 
The module that runs concurrently with the main program assumes that in the 1 year period 
over which FISYS simulates the shrimp fishery, the population of turtles is constant--no births 
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or deaths due to natural causes. Because we know that turtles show up in the shrimping grounds 
only at certain times, only part of the population is allowed to be vulnerable to capture. This 
fraction is adjusted according to the time of year. In each time period, after these vulnerables are 
reduced by an amount dependent upon the level of shrimping effort, they are returned to the main 
population. In the next period, another set of vulnerables i  drawn again from that pool. 
In terms of difference quations, the model is 
V(t) = (a(t) . T(t), 
CT(t) =f(V( t ) ,  E(t)),  
T(t + 1) = T(t)  - CT(t), 
where V(t)  is the number of turtles that are vulnerable to incidental capture in time t; ~b is the 
fraction of the total population of turtles that are vulnerable; T(t)  is the total population of turtles 
at time t; CT is the total catch of turtles; E is the shrimping effort; and f (  •, • ) is the catch function 
relating numbers caught to the vulnerables and the shrimping effort. 
The by-catch equation is 
CT = V[1 -- exp(-- qvE)], 
where CT is catch of turtles; V is number of vulnerables; qT is incidental catchability coefficient of 
turtles; and E is shrimping effort. 
At the end of a complete year-long FISYS cycle, from the number of turtles remaining at large, 
we can determine the mortality due to shrimping activities in that year. These results can then be 
put into the off-line population projection model to investigate the long-term effects on the turtle 
population, which is a cohort population model with several stages: hatchling, juvenile, subadult, 
adult I, adult II, etc. The basic periodicity of the off-line model is biennial. At each time period, 
instead of all the survivors in a cohort advancing one age forward in time, only a fraction of the 
survivors in each life stage advances to the next stage; the remainder stay in the same stage. The 
long-term model is best represented as follows: 
XT(t + 1) = A • XT(/), 
where XT is a 4-dimensional vector whose ith component is the numbers in the ith life-stage; and 
A is a 4 x 4 projection matrix whose entries are all zeros except A~2 and Al3 which are fecundities 
and A2~, As:, -432, -443 and A44 which are stage-to-stage survival rates. The matrix elements -4ij(i > 1) 
are survival rates of life-stage j into life-stage i. 
The conclusion from the study was that the closure policies would reduce the number of turtles 
by-catch, but would not have much effect on the long-term decline nature of the turtle population 
[9]. This implies that the turtle issue must be addressed at the fundamental level in order to be 
effective. 
6. APPL ICAT ION EXPERIENCES AND CONCLUDING REMARKS 
The experience of applying FISYS to shrimp fishery management gives us some insight into how 
economic models can provide support o policy and management decision making. As opposed to 
physical models, economic models are 'fuzzy", "imprecise" and, moreover, the lack of data is 
common because of the measurability issue. Also, statistical validity of the model is hard to come 
by since situations do not repeat enough times to warrant any statistical testing methods. As such, 
we found that the use of economic models for pure forecasting in fisheries is suspect. Instead, we 
found that the value of a model is to provide us with insights of the overall situation under 
consideration from different angles. Through the modeling effort, we capture the different experts' 
opinions on different aspects of the problems and provide an integrating environment to organize 
these experts' opinions. Thus, the model serves as a panel of experts tuned to the specific economic 
issues under consideration. 
To fulfill such a role, the model must be validated quite differently from the conventional 
statistical methods. The validation method we used is a mixed bag of component statistical tests 
and "mental" validation through experts. The ultimate criterion is whether the experts place 
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confidence in the model capturing most of their knowledge relevant to the issues that the model 
is to address. A thorough testing of the model is done in allowing the experts to "interrogate" the 
model and see whether their knowledge about he cause and effects of certain variables i  faithfully 
replicated (to a certain degree) by the model. This calls for a close working relationship among 
the model builders and the experts. FISYS would never have been an effective tool if there had 
not been active participation by scientists and experts in SEFC. 
Because of the complexity of the issues, the conflicts among the beneficiary groups, and the lack 
of "crystal ball" models for the underlying situation; decisions are not made based on analytical 
"solutions" but rather based on insights derived from looking at the situation from many different 
angles. The use of a model is helpful to derive such insights. Since a model is an attempt to represent 
the reality with certain idealized assumptions, it can only represent a certain perspective of the 
situation. Therefore, we find that decision makers do not rely on one model, but a variety of models 
to generate their insights from many different angles. For the modelers, the issue is not so much 
"whether I have the right model", but "what insights my model can provide". 
In our earlier effort in applying FISYS to shrimp fisheries, we had run into extensive debate with 
some of the scientists and experts in the field regarding whether FISYS is the right model. These 
debates led to nowhere. We then stopped trying to establish FISYS as the right model, but instead 
focused on establishing what insights FISYS can generate under different scenarios; also how other 
models developed by scientists and experts can be used either as a component of FISYS or as a 
complement to FISYS in generating new insights. All of a sudden, we found that model builders, 
scientists and experts were working together instead of getting into endless and unfruitful debates. 
That marked the beginning of FISYS being recognized as a viable policy assessment tool. 
Two upcoming technologies will facilitate the use of economic models for decision making. One 
is the user interface and interactive computing technology and the other is artificial intelligence (AI) 
technology. The advancement in workstations will have tremendous impact in bringing these 
technologies toapplications. This allows for a fast turn-around simulation for a specific "what-if" 
query. The conservational mode helps the user to develop new insights. Artificial intelligence, in 
particular knowledge base technology, will enable model builders to capture knowledge which is 
expressed in symbolic form. He [20], in his Ph.D. thesis research, explored the use of the interactive 
technology in personal computers; the application of AI technology to general market structure 
modeling (though not in fishery management), where symbolic knowledge as well as numeric data 
information is integrated, was carried out by Syed and Tse [23]. 
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